[Cu(P^P)(N^N)][PF
] compounds with bis(phosphane) and 6-alkoxy, 6-alkylthio, 6-phenyloxy and 6-phenylthio-substituted 2,2'-bipyridine ligands for lightemitting electrochemical cells (POP) or 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos) and N^N = 6-methoxy-2,2'-bipyridine (MeObpy), 6-ethoxy-2,2'-bipyridine (EtObpy), 6-phenyloxy-2,2'-bipyridine (PhObpy), 6-methylthio-2,2'-bipyridine (MeSbpy), 6-ethylthio-2,2'-bipyridine (EtSbpy) and 6-phenylthio-2,2'-bipyridine (PhSbpy). The single crystal structures of all twelve compounds have been determined and confirm chelating modes for each N^N and P^P ligand, and a distorted tetrahedral geometry for copper(I). For the xantphos-containing complexes, the asymmetrical bpy ligand is arranged with the 6-substituent lying over the xanthene 'bowl'. The compounds have been characterized in solution by 1 H,
Introduction
Organic light-emitting diodes (OLEDs) represent a success story of organic electronics, being already mass-produced for the latest generation of portable displays. However, due to their level of sophistication, OLEDs are not yet fully competitive in the lighting market and in other applications where inexpensive light-sources are needed. Hence, simpler devices including light-emitting electrochemical cells (LECs) are being investigated. 1, 2, 3 Polymer-based LECs, 4, 5 and LECs containing small molecules 6, 7, 8 or ionic transition-metal complexes (iTMCs) 1, 9, 10, 11, 12 as electroluminophores are now widely known. Among these, iTMC-based devices are among the most promising because of their high efficiencies and long lifetimes. 13 The most rigorously explored iTMCs are cyclometallated iridium(III) complexes, in which the large spinorbit coupling leads to singlet-triplet mixing and harvesting of emission from both singlet and triplet states. 1 A disadvantage of iridium, however, is its low abundance and high cost. In contrast, copper is Earth abundant and a potential candidate for the development of dye-sensitized solar cells 14 and LECs.
During the last few years, we 15, 16, 17, 18 and others [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] have turned attention to the use of copper(I)-based complexes in LECs, in particular heteroleptic [Cu(P^P)(N^N)] + cations (P^P and N^N = chelating bis(phosphino) and diimine ligands, respectively). One of the exciting features of this family of coordination compounds is the potential for thermally activated delayed fluorescence (TADF), which accesses emission from both the triplet and singlet states. 36, 37, 38 Our initial investigations of [Cu(POP)(N^N)] + cations (POP substituents in the 2,9-positions of 1,10-phenanthroline (phen). 39 Subsequently, we extended our investigations to a series of [Cu(POP) ( 6 ] resulted in a shorter lifetime (0.8 h) but a brighter device (L max = 145 cd m -2 ). 17 Replacing the methyl group in [Cu(xantphos)(Mebpy)][PF 6 ] by an ethyl substituent resulted in a significant gain in device lifetime but with a lower luminance (L max = 77 cd m -2 ). This series of LECs were operated under pulsed current driving. 40 , 41 The introduction of aryl groups in the 6-position of bpy proved to be detrimental to the emission behaviour. 17, 42 We now describe the effects of incorporating alkoxy, alkylthio, phenyloxy and phenylthio substituents into the 6-position of bpy (Scheme 1 P NMR spectra were recorded at room temperature using a Bruker Avance III-600, III-500 or III-400 NMR spectrometer. C NMR chemical shifts were referenced to residual solvent peaks with respect to δ(TMS) = 0 ppm and 31 P NMR chemical shifts with respect to δ(85% aqueous H 3 PO 4 ) = 0 ppm. Absorption and emission spectra in solution were measured using an Agilent 8453 spectrophotometer and a Shimadzu RF-5301PC spectrofluorometer, respectively. Electrospray ionization (ESI) mass spectra were recorded on a Bruker esquire 3000plus instrument. Quantum yields in CH 2 Cl 2 solution and powder were measured using a Hamamatsu absolute photoluminescence (PL) quantum yield spectrometer C11347 Quantaurus-QY. Emission lifetimes and powder emission spectra were measured with a Hamamatsu Compact Fluorescence lifetime Spectrometer C11367 Quantaurus-Tau, using an LED light source with λ exc = 365 nm. Lifetimes were obtained by fitting the measured data to an exponential decay using MATLAB ® ; a biexponential fit was used when a single exponential fit gave a poor fit. Quantum yields and PL emission spectra in thin films were recorded using a Hamamatsu absolute quantum yield C9920. Low temperature emission and lifetime experiments were performed using an LP920-KS instrument from Edinburgh Instruments; 410 nm excitation was obtained from pulsed third-harmonic radiation from a Quantel Brilliant b Nd:YAG laser equipped with a Rainbow optical parameter oscillator (OPO). The laser pulse duration was ~10 ns and the pulse frequency 10 Hz, with a typical pulse energy of 7 mJ. Detection of the spectra occurred on an iCCD camera from Andor. Single-wavelength kinetics were recorded using a photomultiplier tube.
Electrochemical measurements were made using a CH Instruments 900B potentiostat with glassy carbon, platinum wire and silver wire as the working, counter and reference electrodes, respectively. The compound for study was dissolved in HPLC grade CH 2 P NMR characterization and assignments, electrospray mass spectrometric data, and elemental analyses are given in the ESI †.
Crystallography
Data were collected on a Bruker Kappa Apex2 diffractometer with data reduction, solution and refinement using the programs APEX 45 and CRYSTALS. 46 Structural analysis was carried out using Mercury v. 3.5.1. 47, 48 Crystallographic data for the complexes are given in Table  S2 51, 52 was used together with the "double-ζ" quality def2svp basis set for C, H, N, P, S and O atoms and the "triple-ζ" quality def2tzpv basis set for Cu atoms. 53, 54 The D3
Grimme's dispersion term with Becke-Johnson damping was added to the B3LYP functional (B3LYP-D3) to get a better description of the intramolecular non-covalent interactions. 55, 56 These interactions are expected to be of relevance in the determination of the molecular geometries of the studied complexes, which feature bulky POP and xantphos ligands. The geometries of all the complexes in both their singlet ground electronic state (S 0 ) and their lowest-energy triplet excited state (T 1 ) were optimized without imposing any symmetry restriction. The T 1 state was optimized using the spin unrestricted UB3LYP approximation with a spin multiplicity of three. The lowest-lying excited states of each complex, both singlets and triplets, were computed at the minimum-energy geometry optimized for S 0 using the time-dependent DFT (TD-DFT) approach. 57, 58, 59 . The S 1 and T 1 states were also optimized for a selected group of systems using the TD-DFT approach to obtain a better estimate of the adiabatic energy difference separating the minima of these two states. All the calculations were performed in the presence of the solvent (CH 2 Cl 2 ). Solvent effects were considered within the self-consistent reaction field (SCRF) theory using the polarized continuum model (PCM) approach. 
Results and discussion

Ligand synthesis
The compounds MeObpy, EtObpy, PhObpy, MeSbpy, EtSbpy and PhSbpy (Scheme 1) have previously been synthesized by various routes. 63, 64, 65, 66, 67 However, we found the reaction of 6-bromo-2,2'-bipyridine (prepared by Negishi coupling as described by Fang and Hanan 68 ) with NaOR or NaSR (R = Me, Et, Ph) under microwave conditions to be convenient. Synthetic details are given in the ESI †. C NMR spectroscopic data for EtObpy 63 have not, to our knowledge, been reported and are given in the ESI †. The optimized reaction conditions and purification methods for the syntheses of the bipyridine ligands are summarized in Table S1 †.
Synthesis and characterization of the [Cu(P^P)(N^N)][PF 6 ] complexes
As previously detailed, 42 C spectra were assigned using COSY, NOESY, HMQC and HMBC techniques; atom labelling used for NMR assignments are given in Scheme 2. Fig. 1 For each of the xantphos-containing complexes, the asymmetrical bpy ligand is oriented with the 6-substituent lying over the xanthene 'bowl' (Fig. 2 and 3) . We have previously reported that in solution, [Cu(xantphos)(N^N)] + complexes may exist as a mixture of conformers which interconvert through inversion of the xanthene bowl-shaped unit, and that a preference for a given orientation is influenced by steric factors. 17, 42 In the solid-state structure of [Cu(xantphos)(6-CF 3 bpy)][PF 6 ] (6-CF 3 bpy = 6-trifluoromethyl-2,2'-bipyridine), the 6-CF 3 bpy ligand is orientationally disordered with the CF 3 group facing the xanthene unit (modelled with 75% occupancy) or away from it (25% occupancy).
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In contrast to the POP-containing compounds, each of the complexes with xantphos features a face-to-face π-stacking interaction between phenyl rings of the two PPh 2 units. Fig. 3 shows the similarity between the orientations of the phenyl rings in all six [Cu(xantphos) (N^N (Fig. 3) . As with the O-atom of the POP and xantphos ligands, the O-and S-atoms of the 6-substituents of the bpy ligands are potential donors, but all Cu···O and Cu···S separations are too long to be considered as meaningful interactions. 
DFT calculations
The geometries of all the [Cu(P^P)(N^N)] + cations in their electronic ground state (S 0 ) were optimized without imposing any symmetry restriction at the DFT B3LYP-D3/(def2svp+def2tzvp) level in the presence of solvent (CH 2 Cl 2 ). A selection of calculated geometrical parameters regarding the coordination sphere of Cu(I) is given in Table  S3 †. As previously reported for related Cu-iTMCs, 71 the theoretical approach employed here reproduces the distorted tetrahedral structures observed in the single crystal X-ray diffraction with accuracies of 0.04 Å for the Cu−P and Cu−N bond distances and of 4º for the P−Cu−P and N−Cu−N chelating angles. The geometry of the first triplet excited state (T 1 ) was also optimized at the UB3LYP-D3 level for all the [Cu(P^P)(N^N)] + cations (Table S3 †). As discussed below, the T 1 state implies a charge transfer from a d orbital of the Cu atom (d 10 ) to a molecular orbital centered on the bpy ligand. Consequently, the metal atom features a partial oxidation and deviates from the tetrahedral geometry obtained for S 0 , tending to adopt the squareplanar coordination sphere expected for four-fold coordinated d 9 Cu complexes. The angle defined by the PCuP and NCuN planes has a value of 90º for a perfect tetrahedral structure and can be used as an estimation of the deviation from the orthogonal disposition of the P^P and the N^N ligands. The values computed for this angle are collected in Table 3 (Table 2) . Substituents in the 6-position impede the movement of the ligand towards a more planar cation geometry thus limiting the distortion from the tetrahedral structure on going from S 0 to T 1 . The distortion is indeed slightly smaller for the complexes bearing the bulkier PhO− and PhS− groups (see Table 3 ). As discussed below, this limited geometry relaxation in T 1 induces a blue shift of the emission with respect to that expected based on electronic considerations. 71 The energies calculated for the highest-occupied (HOMO) and lowest-unoccupied molecular orbital (LUMO) of the studied complexes are summarized in Table 3 , and the isovalue contour plots for the HOMO and LUMO of two representative examples are shown in Figure S25 †. As previously reported for this type of complex, 7, 15, 17, 69, 71 the HOMO is mainly centred over the metal and the phosphorus atoms, with small contributions of the phenyl rings, and the LUMO is exclusively located on the N^N ligand. As the HOMO is situated on a region that undergoes no structural change along the series, its energy only features small variations within the two family of complexes, in good agreement with the similar values registered for the Cu + /Cu 2+ processes ( Table 2 ). The LUMO shows almost no contribution of the substituents in 6-position of the bpy ligand and its energy lies in a range of 0.1 eV. The HOMO−LUMO energy gap therefore oscillates between 3.36 and 3.43 eV, and it is expected that the excited states described by the LUMO←HOMO monoexcitation appear at similar energies for all the complexes studied.
Photophysical properties
The absorption spectroscopic data for CH 2 Cl 2 solutions of the [Cu(P^P)(N^N)][PF 6 ] complexes are given in Table 4 , and Fig.  4 compares the spectra of the compounds containing xantphos. Fig. S26 † shows the spectra of the POP-containing complexes.
The intense high-energy absorptions between 250 and 350 nm are assigned to ligand-based π*←π and π*←n transitions, and the shift to lower energy on replacing oxygen by sulfur is consistent with the trends observed in 2-substituted pyridines, for example on going from 2-methoxypyridine to 2-methylthiopyridine. 72 The broad absorption around 390 nm To gain greater insight into the nature of the low-lying electronic states, the lowest-energy singlet and triplet excited states were calculated using the time-dependent DFT (TD-DFT) approach. The vertical B3LYP-D3//(def2svp+def2tzvp) excitation energies computed for the S 1 and T 1 states at the optimized geometry of S 0 are collected in Table 5 . In all cases, the main contribution (>95%) to both states comes from the LUMO←HOMO monoexcitation. This excitation implies an electron transfer from the Cu(P^P) environment to the bpy ligand, and therefore confirms the MLCT character of the S 1 and T 1 states. The transition to S 1 accounts for the low-energy band observed in the 400 nm region in the absorption spectra (Fig. 4) , as no other singlet state with relevant oscillator strength is calculated in this energy range. The almost identical energies predicted for the S 0 →S 1 transition are in good agreement with the very similar values calculated for the HOMO-LUMO gaps, and reproduce the trend observed experimentally for the absorption maxima of the MLCT band, which lie in a narrow range of only 11 nm for the entire set of complexes (Table 4) . Photoluminescence (PL) spectra of the complexes were recorded for deaerated CH 2 Cl 2 solutions and powder samples. Table 6 (Fig. S27 †) where the high energy band is less intense. The PL lifetimes in solution for the series of compounds are relatively short (between 204 and 334 ns), with no evident influence of the P^P ligands. We have previously observed that the introduction of the 6-substituents on the bpy results in a longer lifetime 16, 17, 69 (Table 6) The PL spectra for the powders are broad and, for each complex, a single maximum is observed (Fig. 6 and S28 †) . Moving from solution to solid, the emissions are consistently blue-shifted 17 ( Table 6 for λexc).
As mentioned above, TD-DFT calculations predict that the emitting LUMO←HOMO T 1 triplet has an MLCT character and implies a charge transfer from the Cu(P^P) domain, where the HOMO lies, to the bpy ligand, where the LUMO is located (Fig. S25 †) . As the flattening of the tetrahedral structure of the complex in the T 1 state occurs to a similar extent for all the complexes (see Table 3 ), similar energies in the 1.8-1.9 eV range are predicted for T 1 after full relaxation of the molecular geometry. The close energies calculated for T 1 both at the TD-DFT level (Table 5) , determined by the similar HOMO-LUMO gaps, and after full geometry relaxation explain the similarity of the experimentally observed emission maxima (Table 6 ). Low temperature emission spectra were recorded for frozen (77 K) solutions of the complexes in Me-THF. . These energies are slightly smaller than the values obtained from the vertical excitation energies, and support the feasibility of TADF in these systems.
LECs
The series of compounds was tested in LECs using ITO/PEDOT:PSS as the anode, an emitting layer consisting of the complex in the presence of [Emim][PF 6 ] (4:1 molar ratio) and an aluminium cathode. Devices were tested monitoring the electroluminescence and voltage over time, and were driven with a pulsed current (50 A m -2 average, 50% duty cycle, 1 kHz). The main device parameters obtained for the entire sample series are reported in Table 7 . The time evolution of efficacy and luminance for devices employing RObpy emitters are reported in Fig. 8 , while the data for RSbpy compounds can be found in Fig. S30 †. The evolution of the voltage with time for the complete device series is reported in Fig. S31 †. The spectral shape and position of the electroluminescence (EL) signals were found to be extremely similar for the entire series of materials, independent of the choice of P^P and N^N ligands (Fig. S32 †) . The EL maxima are asymmetric with maximum intensities at 585 nm, and can be approximated well with the sum of two Gaussian functions centred at 575 nm and 639 nm (Fig. S33 †) . Interestingly, these wavelengths are very similar to the PL maxima observed for the series of complexes in the solid state and in solution, respectively.
LECs employing xantphos-based complexes were found to be generally more efficient than the POP analogues, in agreement with the PLQY trend described above for samples in powder. However, the trends in device lifetimes are the reverse. For the complexes with 6-OR substituents on the bpy, the devices containing [Cu(POP) (N^N 6 ], whereas there is no substantial difference among xantphos complexes, there is a slight enhancement of the LEC parameters for compounds involving POP. The turn-on time (t on , defined here as the time to reach the maximum luminance) shortens from 4.3 to 1.0 h. Lum max increases from 53 to 63 cd m . This is in agreement with our earlier observations that there is a trade-off between brightness and device lifetimes. 17 However, the introduction of the EtO or PhO substituents leads to improved device parameters with respect to the best of our previously reported LECs.
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Conclusions
We have prepared and fully characterized a series of twelve [Cu(P^P)(N^N)][PF 6 ] complexes with a bisphosphane ligand P^P = POP or xantphos and chelating ligand N^N = MeObpy, EtObpy, PhObpy, MeSbpy, EtSbpy or PhSbpy. The single crystal structure of each compound confirms chelating modes for each N^N and P^P ligand, and a distorted tetrahedral geometry for copper(I). The xantphos-containing compounds all exhibit face-to-face π-stacking between phenyl rings of two PPh 2 units. In contrast, intramolecular π-stacking in the POPcontaining compounds does not show a consistent pattern. In the xantphos-containing complexes, the asymmetrical bpy 6 ] compounds with N^N being 6-alkoxy or 6-phenyloxy groups being very relevant for the future development of copper-based electroluminescent devices.
